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The universe we observe requires a twofold concept of locality. On one hand there are the strictly 
Einstein-local interactions that generate the time evolution, on the other hand the quantum state 
space requires a non-local description of multiple particle correlations. 

This article demonstrates that an observer in such a universe has to rely on local interactions 
to learn about his environment. He is therefore severely restricted in his ability to reconstruct the 
local physical universe. We argue that this reconstruction is the defining process of observation. 
The reconstructed quantum dynamics are shown to be non-unitary and non-linear in general, even 
if the system evolves unitarily on a global scale. 

Interactions with massless free particles are found to have great influence on observation. The 
special case of a scattering process with an uncharged massless vector boson can result in a stochastic 
process conforming to the Born rule. Based on this result, a theory of quantum measurement, that 
describes a measurement device as a cascade of certain scattering events is formulated. 
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I. INTRODUCTION 

Quantum theory is an enormously successful theory. We 
can use it to predict the behavior of nature up to the 
limits of what is measurable. This is even more astound- 
ing given the fact that we have almost no understand- 
ing of what measuring really means. Quantum theory 
equips us with an algorithm that describes how the pos- 
sible outcomes of a measurement can be calculated and 
predicted statistically. The measurement postulate of 
quantum theory does not define what a measurement 
instrument physically is, nor how it could possibly func- 
tion. Even worse, it appears that the process of mea- 
surement is not compatible with the smooth unitary 
evolution which is fundamental to quantum theory. 

A lot of effort has been placed into resolving this mea- 
surement problem and has resulted in a collection of 
interpretations of quantum theory |4j [7] . Despite sig- 
nificant progress in some areas like decoherence theory, 
a generally accepted solution of the measurement prob- 
lem is not currently known. One of the most important 
ingredients of such a solution has to be a derivation of 
the statistical law, known as the Born rule [Tj, of quan- 
tum observations from fundamental properties of bare 
quantum theory without the measurement postulate. 
While such derivations have been attempted [21 [5J [5], 
they usually involve non-obvious assumptions or have 
been shown to use circular arguments. 

This article attempts to derive the discontinuous and 
random yet stable results of observation as stated in the 
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measurement postulate only from generally accepted 
first principles. This is done by assuming the position 
of an observer that collects information about his envi- 
ronment. It is this approach that qualifies the results 
as a true theory of quantum measurement. 

Everything we know about the universe is a result of our 
interaction with it while being a part of it. As obvious 
as this statement may seem, it is of fundamental impor- 
tance to our understanding of the way we describe the 
universe, create physical theories and interpret them. 
Even in the non-local setting of quantum theory all in- 
teractions are subject to locality. And if the universe is 
relativistic, an observer is limited to his light cone and 
does not have access, in the form of interaction, to the 
complete state of the universe. 

The information available to the observer and the 
change of knowledge during measurement is also part 
of the Copenhagen Interpretation of quantum theory, or 
more precisely, the subjectivism represented by Werner 
Heisenberg |3J. However, his idea has not evolved into 
a quantitative theory and it does not specify the exact 
nature of the lack of knowledge. Obtaining a quantita- 
tive description of the information available to the local 
observer corresponds to describing the state of the uni- 
verse that the observer would be able to reconstruct just 
from interaction without any additional assumptions. 

Consider a simplified relativistic universe containing 
just two particles and an observer located close to one 
of these particles. The particles are supposed to have 
interacted a long time ago and are spatially separated 
to make sure that they cannot interact for another suf- 
ficiently long time. The observer, only being able to 
interact with one of the particles, is not in the position 
to tell if the two particles are entangled. In fact, he is 
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unable to tell if a second particle exists at all. Making 
no unfounded assumptions implies that his description 
of the universe must not contain the other particle. The 
state he reconstructs is specifically not a mixed state, 
because that too would require knowledge about the ex- 
istence of the other particle. He is left with the option 
of describing a single particle with a pure state, as we 
will discuss later. 

A different, but similar scenario is created by the in- 
teraction of the local system with free massless parti- 
cles. Instead of a distant particle, imagine a photon 
that has just been emitted into the environment. The 
information it carries is inaccessible as soon as it leaves 
the observer's horizon. Incoming photons also only be- 
come accessible the very instant they reach the observer. 
The moment of interaction then creates a discontinuity 
in the observer's best guess for the state of the uni- 
verse. The transport of information to and from the 
observer by interaction with the radiation field also cre- 
ates a source randomness. The unknown state of the 
incoming radiation influences the local system in a way 
unpredictable to the local observer. The effect of the 
random perturbation is not entirely unpredictable how- 
ever. It is restricted by the nature of the interaction and 
shaped by the way the system couples to the radiation 
field. This opens the door for a statistical distribution 
that correlates with the previously known state of the 
system. 



II. THE POSTULATES 

In order to build the theory of local observation onto 
firm grounds, we specify the following postulates. They 
formalize the assumptions used in the derivations pre- 
sented. 

1. The evolution of the state of the universe is uni- 
tary and generated only by interactions within the 
universe. 

2. The interactions in the universe are local and in 
agreement with Special Relativity. 

3. The observer is part of the universe and physically 
realized within a finite region of spacetime. 

4. The description of the universe reconstructed by 
the observer is based on his local state history 
without any additional assumptions. 

These postulates also describe the steps taken to ar- 
rive at a subjective description of the universe, starting 
from a hypothetical objective description. As observers, 



we do not have access to the state of the universe, so 
this reduction of information from top to bottom might 
seem unnatural. We have to rely on Occam's principle 
to argue that a theory that predicts local observations 
from an unknown global mechanisms is valid if the as- 
sumptions made on the global scale are very plain and 
simple. This is true for the postulates listed above and 
therefore supports the postulate of a global unitary evo- 
lution. 

Postulate 4 not only restricts the description of the uni- 
verse to the information processing happening in the 
observer system. It also defines what we can regard to 
be physically distinguishable properties of the universe. 
Properties that no imaginable observer can distinguish 
cannot be part of the physical description of the uni- 
verse. In other words, it is only the dynamical sequence 
of the states of the universe that results in an emergent 
physical reality. 

In addition to these postulates we have to make one 
additional assumption about the universe. That is the 
existence of a free massless neutral vector boson field 
that interacts with the observer. The photon takes this 
role in our universe. 



III. LOCAL STATE RECONSTRUCTION 

A. The state of the universe 

Our first postulate demands unitary evolution of the 
universe, but does not specify the state space. Instead, 
we will try to construct the state space from first prin- 
ciples. 

The state space must be able to hold unitary represen- 
tations of the observed symmetries of the universe. It 
must also be able to encode superposition and interfer- 
ence of states. All requirements are fulfilled by a finite 
dimensional complex vector space with a sesquilinear 
inner product. The inner product allows unitary trans- 
forms to be defined. It is not entirely unreasonable to 
assume that the state space is finite dimensional 1 , but 
it is mathematically more convenient to allow for in- 
finite dimensions. In this case the convergence of the 
inner product must be listed as an additional require- 
ment, and we arrive at the well known separable Hilbert 
space % of square integrable functions. 



The representation theory of the Lorentz group SO(3, 1) shows 
that a unitary representation requires an infinite dimensional 
space. So a finite dimensional quantum theory implies that the 
Lorentz group can only be realized approximately. 
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Another possible state space that meets all require- 
ments is the space of certain linear operators on the 
specified Hilbert space. We can embed the Hilbert space 
vectors as projectors within this larger space and inherit 
the inner product in the form of the trace of an oper- 
ator product. Again, for an infinite dimensional state 
space this trace must exist, so one is limited to trace 
class linear operators. 

The dynamic evolution of the universe acts on these 
state spaces with a time dependent unitary transform. 
The transform is one sided for the Hilbert space and 
two sided for the operator space. This is also true for 
all other unitary symmetry transforms. 

W)) = U(to,t)\<t>(to)) (1) 
3>(t) = U(t ,tWt )U(t ,tf (2) 

Following postulate 4 only the sequence of states gener- 
ated by the dynamical evolution is of physical relevance. 
As a result, state descriptions that are equivalent by a 
bijection / that commutes with the evolution are physi- 
cally indistinguishable, because it allows switching back 
and forth between two representations at any point in 
time. 

An important bijection is the left multiplication of 
with a unitary, possibly time dependent but predictable, 
operator that commutes with the evolution of the uni- 
verse. This operation can be undone at any point in 
time and satisfies: 

U(t a ,t)f(<S>)uHto,t) = f(U(t ,t)$U\t ,t)) (3) 

So /($) is a redundant representation of However 
this redundancy does not correspond to an actual sym- 
metry of the universe, because those symmetries act on 
both sides at the same time. Therefore, these states 
are not significant for the description of the universe 
and have to be removed in a unique state description. 
The subspace of Hermitian trace class operators does 
not allow this one sided transform and strips the re- 
dundant states from the state space. The non-negative 
Hermitian trace class operators V are even exactly the 
quotient of the trace class operators and equivalence by 
left (or right) unitary multiplication. 

Both possible state spaces H and V can be reduced 
even further. The linear structure of the spaces allows 
for scalar multiplication as bijection that trivially com- 
mutes with the dynamics. The two equivalence relations 

(|a),|fe))ei? 1 ^3c^0eC:|a)=c|6) (4) 
(A, B) e R 2 3r > : A = rB (5) 

generate the quotient spaces H/Ri and V/R2 of quan- 
tum states in the Hilbert space H and the non-negative 
trace class Hermitian operator space V respectively. 



The state space V/R2 is usually constructed as the 
space of "classical ensembles" of quantum systems re- 
alized by the convex sum of projectors on the Hilbert 
space %. It is also used to describe the state of sub- 
systems by tracing over the environment. The first of 
these two uses relies strongly on the prior existence of 
the measurement postulate and cannot be used here. 
As for the second, tracing over the environment is not a 
possible operation when describing the whole universe. 
The state space P/R2 was specifically constructed from 
basic requirements to show that it is a valid state space 
just like the projective Hilbert space W/Ri, with no 
need for additional interpretation as space of ensembles 
or subsystem states. This is an important insight for 
the arguments further down. 

Postulate 4 demands states that are dynamically indis- 
tinguishable result in the same physics and should be 
regarded as one single state. Consider a state &(t a ) e V 
and its evolution: 

$(t) = U(t ,t)$U(t ,tf (6) 

Then with the unitarity of U it follows that 

$(t) 2 = U(t ,t)<S>(to)U{to,tfU(t ,t)<f>(t )U(t ,tf 

(7) 

= U(t ,t)$(t fU(t ,ty (8) 

meaning that $ 2 evolves in exactly the same way as $ 
and at any point in time we can switch back and forth 
these two states without making a difference dynami- 
cally, because squaring is a bijection on non-negative 
Hermitian operators and commutes with the evolution. 
The two states $ and $ 2 are dynamically equivalent 
and as such both describe the same physical system. 
The same is true for all natural powers of a state <f>, as 
they are all bijections. More generally, let 

g : K> — > R> (9) 

be an analytic bijection. Such a function is then neces- 
sarily strictly monotonic and 5(0) = 0. It can be ana- 
lytically extended to non-negative Hermitian operators 
and is a bijection there too. Any such g creates a state 
that is dynamically equivalent to the state it acts on. 
The equivalence classes generated by these bijections g 
are the true physical states. 

One set of equivalence classes can be directly identi- 
fied: The projectors in V are invariant under g, up 
to a scalar multiplication, and each forms an equiva- 
lence class of its own. When g acts on a state <!> it pre- 
serves two properties: The mutually orthogonal eigen- 
subspaces are invariant and the ordering of the eigenval- 
ues is also strictly invariant because g is strictly increas- 
ing on the non-negative real numbers. The number of 
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eigenvalues is countable because H is separable, and the 
trace-class bounds the sum of the non-negative eigen- 
values, so that the maximum of the eigenvalues exists. 
It follows that a possible representation of the equiva- 
lence classes of physical states then consists of a list of 
orthogonal eigensubspaces in order of decreasing eigen- 
values, and nothing else. Particularly, the eigenvalues 
do not have to be specified, as they change with g. For 
a finite list the last entry is the nullspace, which is in- 
variant under g. It is redundant because it is the unique 
orthogonal complement of the direct sum of the other 
list entries. Therefore, this last entry can be omitted. 

Depending on the equivalence class, this list can have 
a different number of entries. For a simple projector 
it only has one entry, the eigensubspace of the maxi- 
mum eigenvalue which trivially equals 1. That is also 
the one property that all equivalence classes share. All 
equivalence classes can be partially characterized by the 
eigensubspace of the largest eigenvalue, which always 
exists. 

Applying the unitary evolution of the universe to the 
eigensubspace lists shows that the evolution acts inde- 
pendently on each subspace and does not change the 
dimensions of the subspaces or the length of the list. 
The character of the equivalence classes is therefore in- 
variant under time evolution. This effectively splits up 
the state space into an infinite set of state spaces with 
common character and each connected by unitary trans- 
forms. 

So with all these considerations in place, the result is 
an infinite number of possible state spaces that allow 
for unitary evolution of the universe and do not encode 
symmetries that are indistinguishable by the evolution 
dynamics. Each state space is fully characterized by a 
finite or infinite sequence of natural numbers, including 
countable infinity, describing the dimension of a sub- 
space. The evolution acts unitarily on each subspace. 
Furthermore, the original Hilbert space % is contained 
in the set of state spaces as the sequence ( 1 ), represent- 
ing a single one dimensional subspace that the dynamic 
acts on. 

The n-dimensional projectors state space ( n ) creates a 
physical universe that slightly differs from T-L. One can 
decide to describe such a universe with a single vec- 
tor from the eigensubspace and will get consistent dy- 
namics. So the one dimensional state description is not 
unique, and even several one dimensional descriptions 
could be used at the same time. This universe can be 
understood as a generated by n non-interfering super- 
positions of orthogonal, but not uniquely determined W 
universes. Observers would notice the absence of inter- 
ference in certain situations. But for finite n that effect 
would be so rare that such a universe is practically indis- 



tinguishable from a ( 1 ) universe. Furthermore a coinci- 
dence of eigenvalues to form a more than 1-dimensional 
eigensubspace is very unlikely, in fact those configura- 
tions form a subset of measure zero for all practical 
measures. 

For universes with a state space with more than one 
relevant subspace ( n, . . . ) the dynamics is dominated by 
the first listed subspace. This can be seen by applying 
an explicit bijection 

<?*(<&) = <f fe (10) 

for natural Ho a non-negative trace class Hermitian 
operator. For sufficiently large k the largest eigenvalue 
dominates as strongly as desired. So the dynamics of 
the equivalence class representatives realized as a den- 
sity matrix can get arbitrarily close to the dynamics of 
the states in ( n ) and for k — > oo we recover that space 
as the limit. For this reason there is no new physics 
to be expected in ( n, . . . ) universes compared to an 
(n) universe. It follows that the map g^ for k — > oo, 
corresponding to the projection onto the eigensubspace 
with the largest eigenvalue, is a useful tool for reduc- 
ing the complexity of the dynamical description in non- 
projection state space universes. 

Summing up, there is little to no reason, not to assume 
that the universe is a ( 1 ) (i.e. traditional H) universe. 
At this point the rather involved discussion of possible 
state spaces and their physical implications may not 
seem to be very useful. The discussion will prove to be 
of importance later on however. The same arguments 
used for the complete universe also apply to the local 
observer, but with the additional constraint of limited 
information. So the classification described here is the 
guide to how an observer will reconstruct the state of 
the universe from his interactions. 



B. Local interactions and available state 
information 

One of the most obvious weaknesses of the measure- 
ment postulate of traditional quantum theory is the the 
lack of a precise definition of an observer. For our pur- 
pose an observer must be a mechanism equipped with 
a memory and realized by physical interactions in the 
universe. It analyzes its environment, stores informa- 
tion and makes predictions based on these observations. 
This comes with the implicit emergence of a certain sub- 
jective reality for the observer. If we assume that such 
an observer has a limited observation time span it also 
follows that the essential parts of the mechanism are 
constrained to a bounded region of space due to the 
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limited propagation speed of the interactions they are 
based upon. 

An observer of this kind can be human, ideally a physi- 
cist, but it does not have to be. The complexity and 
details of the mechanism is not of importance for the 
essential properties of such an observer. Accordingly, 
these aspects will not be part of the model. The mere 
presence of an observer within the system will be as- 
sumed, even if the number of degrees of freedom is much 
too small to contain any sensible realization of such an 
observer mechanism 2 . It will also be assumed that the 
observer is massive and that the quantum system of 
interest is described as seen from the observer's rest 
frame. 

The information the observer gathers about the rest of 
the universe is a result of his interacting with the envi- 
ronment. With the interaction propagation speed limit 
in place, the knowledge gained within the observation 
time is clearly limited. The exact description of this 
limitation is the subject of this chapter. 



1. Stripping the universe 

In its rest frame we can assume the relevant parts of the 
observer to be contained in a spherical spatial region of 
radius r;. The universe outside of this radius is not 
part of the observer mechanism, but it does influence 
the observer by interaction. This influence only reaches 
up to a radius 

r h : = n + cT (11) 

limited by the observation time T of the observer and 
the speed limit c for the propagation of interactions. 
This radius is a strict horizon for the information the 
observer can recover about the universe he lives in. 
Anything outside the horizon is dynamically inacces- 
sible and therefore not part of his experience of reality. 

In a classical universe we could simply remove all ob- 
jects or fields on the far side of the horizon and the 
observer would not notice. On the other hand, the ob- 
server can only reconstruct the state of the universe as 
one without any structure outside the horizon if he does 
not want to rely on arbitrary guesswork. 



2 This is not really a constraint on the theory. We will simply be 
using the same information gathering methods that are avail- 
able to a hypothetical observer without being interested in its 
actual physical details. As we will see, this approach is entirely 
sufficient. 



In principle the same applies to a quantum universe, 
but with a non-trivial twist. Each particle carries its 
own copy of spatial information, instead of sharing one 
spatial background like in a classical universe. Starting 
with a single particle Hilbert space Hi and ignoring 
indistinguishability, we can define the n-particle space 
by taking the tensor product power 

H n : = Hf n (12) 

and in the next step the Fock space of the particles as 
the direct sum of all possible n-particle spaces. The one 
dimensional vacuum space is denoted by Hf . 

oo 

H F :=Q)Hf n (13) 

n=0 

For a single particle space we can introduce two pro- 
jection operators P a and Pj that project onto the dy- 
namically accessible and inaccessible states respectively. 
Naturally P a + Pi = 1 must hold. In case that acces- 
sibility is determined by the horizon with radius as 
defined above, we can explicitly express the projectors 
in the position basis of the single particle Hilbert space. 

P a := [ |r) (r| d 3 r (14) 

J r<r h 

Pi-.= f \r)(r\d 3 r (15) 

J r>r h 

The eigensubspaces of both of these projectors, H a and 
Hi, hold the accessible and inaccessible states. We can 
write the single particle Hilbert space as a direct sum 
of these two orthogonal subspaces. 

n 1 = n a ®n l (16) 

Expanding the Fock space definition with this substitu- 
tion results in 

oo oo 

u F = wf°e0w? n e0wf n (17) 

n— 1 n— 1 

oo 

© s(Hf n ,Hf m ) 

n./m—l 

where S (H® n ,Hf m ) is the symmetrized direct sum of 
the tensor product of n times H a and m times Hi- For 
example the symmetrization S ("Hf 2 , "Hf" 1 ) expands to: 

S(Hf,Hf 1 )=(H a ®H a ®H i ) 

Slim® H a ® H a ) (18) 
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If we want to strip the inaccessible information from Hp 
in equation ( 17 1 we can first drop 3 the pure Hi powers, 



similarly to the classical situation. The remaining inac- 
cessible parts of the state space appear in tensor prod- 
ucts with the accessible subspace. Removing these inac- 
cessible parts while keeping as much as possible of the 
accessible parts intact will also remove relative phase 
information. The resulting states will add incoherently 
and cannot be represented in the same Fock space Hf- 

For the stripped state space we must rely on the trace 
class non-negative hermitian operators on Hf denoted 
by T(Hp), with the canonical embedding of the first as 
projections in the latter. The dynamics preserving map 



s(nf n ,nf m ) -+t(h® 



(19) 



can then be realized by tracing over the inaccessible 
tensor factor spaces. 

Let be a Fock state and \tp n ) its n-particle compo- 
nent. 



(20) 



n=0 



The projection operators p^' n ' and p^ k ' n ^ act on the 
A;-th particle in the n-particle subspace. Stripping only 
the 1-particle subspace starts with distributing the pro- 
jectors over the state. 

|^) = (pi 1 ' 1) +^ (1 ' 1) )|Vi) (21) 

If the particle is entirely accessible and therefore 

P[ hl) \A) = (22) 

we already have a stripped state. If the particle is en- 
tirely inaccessible we have 



Pi 1 - 1 ) \A) = o 



(23) 



and dropping the inaccessible part would result in a 
physically undefined state, the 0-vector. Instead, the 
observer should simply find no particle, or in other 
words, the vacuum state IV'o)- The vacuum state can 
already be part of |W) however, and the observed sub- 
jective vacuum must not interfere with the true vacuum. 
The two vacua must add incoherently. To simplify the 
notation we can identify the vacuum space Hf with 
the complex scalars and choose: 



l^0> = 1 G 



(24) 



3 As will be discussed further on, they actually have to be re- 
placed with a vacuum state. 



So if we apply the stripping map 

A : Hp -> T (Hp) (25) 
to the vacuum and single particle subspaces we get 

A(c |Vo) + ci (26) 
= A (c |Vo> + ciPi 1 ' 1 ) + ciP^ 1} |Vi>) 
= T (co |^ ) + dPi 1 - 1 ) |Vi}) + tr Hl (T (qPf' 1 ' |^>) 

where 

T(M): = |0)M (27) 

is the natural embedding. The trace results in a com- 
plex number representing the vacuum state. 

If we also consider two-particle states we get additional 
terms from 

l^> = (Pi 1 ' 2) + Pf' 2 0(^ 2 ' 2) + ^' 2) )l^) (28) 
= Pi 1 ' 2) Pi 2 ' 2) l^>+P i (1 ' 2) Pf' 2) |^> 

+p^pr ) m+p^ 2) p^m 

The first term is not changed by A, the second term 
is mapped to the vacuum and the last two terms are 
traced over to result in an incoherently mixing single 
particle state. 

A(co|Vo}+ci|-0i)+c 2 |^2» (29) 
= T (co |^o) + CiPi 1 ' 1 ) + c 2 P^P^ \i> 2 )] 
+ tr^ (T ( Cl Pp> + c 2 P^P^ \ H 
+c 2 P^P^)\^))) 

,(1,2) D (2,2) 



tr 



T c 2 P ^>P 



1^2 



The trace is over all terms with a single inaccessible 
particle. The different order of the traced tensor factor 
space is not problematic. Reordering the inaccessible 
spaces does not change the result as they are traced over 
eventually. So we can think of that reordering implicitly 
happening while tracing. 

As can be seen, this becomes tedious and complicated to 
write down for an increasing number of particle num- 
ber eigenspaces. The definition of A is a lot easier if 
we express it in terms of an occupation number basis 
of Hf, starting from a single particle eigenbasis of the 
projection operators P a and Pi and assuming indistin- 
guishable particles this time. With the bases \k) a and 
\k) i for H a and Hi respectively and natural k we can 
characterize a fully symmetric n-particle state by listing 
the number of particles rik-.a and n^i in each accessible 
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and inaccessible single particle base state respectively. 
The total particle number is then 



^2 (nk;a + n k .. 



(30) 



fe=0 



and we can label the state 

|(no ;o ,ni; a) n 2;a , ■••); (no-i,ni ; i,n2-i, • • • )) (31) 

or in a more compact form 

|n«;ni) (32) 

with the occupation lists n Q and respectively. For 
our convenience we define 



|n | : = n k . a 



fe=0 



and likewise for |n,-|, so that: 



n = n„ + m 



(33) 



(34) 



With the occupation number basis of the Fock space it 
can be seen from direct calculation that | n a ; 0) remains 
unchanged under A, while states with inaccessible single 
particle states are mapped to stripped states, 



|n a ; ni ) ^T(|n a ;0}) 



(35) 



which already includes the special case of all inaccessi- 
ble states being mapped to the vacuum. The full strip- 
ping map is then defined for both bosonic and fermionic 
states and explicitly given by the following expression. 



A : Uf —+T{U f ) 
|*>— >A(|tt» 



(36) 



A(|*)):=^T(^| na ;0) (n^n^) 



For an entirely accessible state we get 
A(|*» = |*> <*| 



(37) 



while fully inaccessible states are mapped to the vac- 
uum. 

The construction of the stripping map guarantees that 
an observer interacting with the universe will not be 
able to distinguish the real state of the universe |\ff) from 
the stripped state A(|^)). Therefore the observer has 
no way of reconstructing the real state of the universe. 
But can he theoretically even reconstruct the stripped 
state? The answer must be that he cannot, for the 
following two reasons. 



First, the classification of accessible and inaccessible 
states based on the horizon radius discussed above is not 
very precise. While all states marked as dynamically 
inaccessible are in fact certainly not accessible, not all 
states marked as accessible really are accessible. That 
means the stripped state contains information that is 
not available to the observer even under ideal condi- 
tions. We will discuss this in more depth below when 
we look at the process of observing an experiment. 

The second reason is the inability of the observer to 
distinguish state representations that are equivalent re- 
garding their unitary evolution. Like discussed in the 
previous section, A(|^)) is for example intrinsically in- 
distinguishable from its positive integer powers. Con- 
sequently the observer does not have enough informa- 
tion to reconstruct the stripped state without further 
assumptions about the state of the universe. The only 
assumption that does not require the addition of arbi- 
trarily made up information is that the reconstructed 
state of the universe is a pure state. Following the ear- 
lier discussion about the state of the universe, we define 
the normalized stripped state in T-Lp as the normalized 



limit of the bijection (10) 



A 



Hp (38) 
T- 1 (A(|*») 

Mib)) := lim A ff^ N , N 
ywn fe^oo tr(A(|4<)) fe ) 

The limit is a projection operator onto the cigcnsub- 
space of A(|^/)) with the greatest eigenvalue. For a pure 
state the eigensubspace must be one dimensional, which 
can then be naturally 4 mapped back to the Hilbert 
space T~Lf by T _1 . If we assume that the eigenvalues 
are essentially random then it is extremely unlikely that 
the two greatest eigenvalues are exactly equal. So it 
seems to be safe to assume that A(|^)) practically al- 
ways results in a pure state. The states that do not 
get mapped back to a pure state are formally removed 
from T-L' F . The time evolution of the resulting state is 
not unitary and even non-linear. 



2. Making an observation 



Simply put, observing means collecting information 
about the environment. The result of the observation 



4 This mapping is not unique, because of the arbitrary phase. All 
possible maps work equally well however, because the chosen 
phase is global and commutes with the evolution. 
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m - st)) 



Past 




2r h 



Figure 1: The observer reconstructs the state \ip) based on 
the information collected from past interactions. The pho- 
tons 71 and 72 transport information to and from the envi- 
ronment beyond the observation horizon. 



is a time dependent description of the observed system 
state. This process is based on interactions and limited 
by their finite propagation speed in a relativistic uni- 
verse. Hence the reconstructed state refers to a time 
slice in the past of the observer. The time asymmetry 
is created by the requirement of a memory to consol- 
idate the state information. This arrow of time does 
not affect the measurement process at this point how- 
ever and reconstructing a future state leads to the same 
fundamental properties. 

Figure ^shows the situation in spacetime. The observer 
with radius ri reconstructs the state \ip(to — St)) at the 
time to from information in his past light cone. The 
observation delay St and the radius of the reconstructed 
state horizon are related by = r; + cSt. During 
an observation the delay is held constant so that the 
observed system evolves on the same time base as the 
observer. Anything outside the world volume swept by 
the space inside the horizon is not part of the observer's 
subjective reality. 

In a typical experimental setup the observer focuses on 
a more or less isolated object at relative rest. It is a 
reasonable approximation to assume that the only ex- 
change of information with the unobserved universe is 
due to electromagnetic interactions. The two photons 
shown on the left are not having any effect on the recon- 
structed reality of the observer because their interaction 
is limited to the spatial region outside the reconstruc- 
tion horizon. This is not true for the photons 71 and 
72. They interact with the reconstructed state and the 
corresponding duration of interaction with the world 
volume of the state are t\ and t^. During that time 



the state reconstruction performed by the observer will 
change in a non-unitary way. In addition, the observer 
will not be able to directly reconstruct the existence of 
either photon, because it does not pass through his own 
world volume. 

As discussed before, the reconstructed state is described 
by a single Hilbert space vector. The non-unitary evo- 
lution will thus change the vector norm, just like we 
would expect from a measurement interaction like the 
one described by the measurement postulate. The es- 
caping and incoming photons are also of unknown state, 
so that a random element is introduced into the recon- 
structed state. This is also in agreement with the mea- 
surement postulate. It seems natural to conjecture a 
relationship between the interaction with photons and 
what we call quantum measurement. The next chapter 
discusses the relevant processes in more detail. 



IV. INTERACTIONS BETWEEN RADIATION 
AND MATTER 



Let us consider a system consisting of only a single 
qubit. There is nothing else the observer can use to 
compare the qubit to, not even the observer itself exists 
as part of the quantum system in this simple model. 
The qubit is the entire observable universe, and hence 
we can apply the reconstruction procedure to it. Still, 
the qubit is not completely insulated as we assume it 
couples to the radiation field. The interaction is de- 
scribed by a unitary evolution on the entire unobserved 
universe. To keep it simple, the only states of the ra- 
diation field that are considered are inaccessible. The 
incoming state can be thought of as a single photon with 
a 2-dimensional representation of its polarization. The 
outgoing states can more complicated than that, de- 
pending on the scattering process. We call these scat- 
tering processes elementary, because only two qubits, 
one for the photon and one local to the observer, are 
given as the input state. 

We will discuss three of these elementary scattering pro- 
cesses explicitly. In all of them the state of the local 
qubit is represented in the orthonormal basis {|0) , |1)}, 
which is also the physically preferred basis for the re- 
sulting process. The incoming photon state will be writ- 
ten as a linear combination of the orthonormal basis 
states , For the outgoing radiation states an 
arbitrary orthonormal basis : n £ N} is used. 

The vacuum state is |o). All processes are unitary be- 
cause they map orthogonal states in the input space 
to orthogonal states in the output space. The input 
state corresponds to the objective state of the universe 
just before the interaction and the output state is the 
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objective state just after the interaction. Both input 
and output radiation states are locally inaccessible and 
will be removed in the local state reconstruction so that 
we can study the scattering process as observed locally. 
The state of the photon is considered to be entirely un- 
known. 

The general input state in this setup is 

M:=(a|$>+/JK*>)(a|0) + &|l>) (39) 
= aa\X)\0)+ab\t)\l) 
+ 0a|*»)|O)+ / 96|+»)|l) (40) 



for a,(3,a,b eC with: 



aa* + /3j3* > 
aa* + bb* > 



(41) 
(42) 



The local reconstruction of is then simply 

A(|V>» = T((a|0)+&|0»|o)) (43) 

which is equivalent to the local qubit state, just as ex- 
pected. 

A. The uniform elementary scattering process 

Consider the following mapping of the basis states from 
the input to the output space: 



\t) 10} 1 

H> 10) 
Mil) J 



/ i — ^ \ 



r io> Hi) 

|0) |- 2 ) 

|i)H 3 ) 

I |1>H4> 



The objective input state 
to 



is then unitarily mapped 
(45) 



U u \i)) = aa |0)|~»i)+a6|0)|~» 2 ) 
+ /3a|l)H 3 )+/3fe|l)H 4 ) 



Without taking the limit, the reconstructed local state 
of the output is 



A(C^|V»=T(ao|0)|o)) + T(a6|0)|o)) 
+ T(/?a|l)|o))+T(/3&|l)|o)) 
= aa*{aa* + bb*) |0) <0| |o> (o| 
+ /3/3*( aa *+66*)|l)(l||o) (o| 

Now taking the limit we get 

'|0)|o) iiaa*>l3p* 



(46) 
(47) 



A(C/„|V)) = 



|l)|o) ifaa*</3p* 



(48) 



The state of the photon is unknown, and both cases 
must be equally likely. The case of exact equality is 
of zero measure and can be ignored in the statistical 
interpretation. Summarizing we have a process U that 
acts locally like 



U ■ a |0) + b |1) { With P robabilit yPo = \ 
Ml) with probability p\ = | 



(49) 



Notably the result does not depend on the state of the 
input qubit. A local observer just sees a fully random 
outcome that can be predicted only in terms of proba- 
bilities. 



B. The maximum elementary scattering process 



A small change in the unitary scattering produces a very 
different outcome: 




(50) 



The objective input state is mapped to 

U m \4>) = aa |0>|-i>+ aft |1> |- 2 ) (51) 
+ /?a|0)H 3 )+/WH4) 



(44) which is stripped to result in 



A(U m = T {aa |0> |o)) + T (ab\l) |o)) (52) 
+ T(^a|0)|o))+T(/36|l)|o)) 
= aa* (aa* + /3(3* ) \ 0) <0| | o) (o | (53) 
+ bb*(aa*+/3f3*)\V(M\°) (°l 



and eventually results in the limit 

Ml) |o) tor aa < bb 
so that we get the local observation 



(54) 



[|i> rf\b\>\a\ 

The unknown photon state does not influence the out- 
come and the process is fully deterministic, even for a 
local observer. The result is a projection on the domi- 
nant component of the qubit in the preferred basis. 
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C. The Born elementary scattering process 



is given by 



The two scattering processes discussed above are only 
using information from either the qubit or the photon 
state to produce the output. In this section we will dis- 
cuss a process that mixes the influence of both equally 
and results in a statistical rule that also depends on the 
state of the qubit. The map that creates this behavior 
is 




|0) 

(|i)H 2 ) 



|o)H 3 »A/2 



(|o)H 4 ) + |i)H 5 ))/^ 1 ' 

1) He) 



and produces the output state 

V B \il>) =aa|0)H 1 )+/36|l)H 6 ) (57) 
+ a6(|l>|~» 2 > + |0) H 3 ))/V2 

+ /? a (|o)H 4 ) + |i)H 5 ))/\/2 

which strips to 

A(C/ B |V))=r(aa|0)|o)) 

+ i(T(a6|l)|o))+T(a6|0)|o))) 

+ l(T(/3a\0) |o))+T(/3a|l)|o))) 
+ T(/36|l)|o» 

= (aa*aa* + - (aa*bb* + /3/3*aa*)) |0) (0| |o) (o| 



-f- | /3(3*bb* + X - (aa*bb* + (3f3*aa*) } ; : ; | |o) (o| 



(58) 



and after taking the limit results in 



\|1> |o> iiaa*aa* < /3/3*bb* V ' 

The outcome of the scattering process depends on both 
the amplitudes of the qubit in the preferred basis and 
the unknown incoming photon state. 

We do not have any information about the state of the 
photon. That implies that the statistical distribution of 
a and j3 does not depend on the choice of a basis, or in 
other words, the distribution of (a, (3) must be invariant 
under SU(2) transforms. 

One possible distribution 5 that realizes this symmetry 



a := G\ + iGi 
:= G 3 + id 



(60) 
(61) 



Where G n are mutually independent identically dis- 
tributed gaussian random variables with zero mean. Be- 
cause the sum of two independent Gaussian variables 
results in a new Gaussian variable, this construction 
is invariant under unitary transformations. The case 
a = (3 = leads to an invalid state, but is of zero 
measure and we can safely ignore it. The magnitude 
of a complex gaussian random variable is Rayleigh dis- 
tributed, so that we have 



\a\ 

m 



Ri 
R2 



(62) 
(63) 



with two equally distributed independent Rayleigh vari- 
ables Ri and i?2- The probability density function of 
each is 



f(x) = xexp(- — ) 



(64) 



The probability p(|a||a| > |6| can then be ex- 
pressed in terms of the probability density functions: 

r°° rjE\ Xl 

p(\a\ \a\ > \b\ = / / f(x 1 )f(x 2 )dx 2 dx 1 
Jo Jo 

(65) 

H 2 



M 2 + H 2 

and of course for the complementary event 

P(HH < \ b \W\) = [^2^2 
The local observation is therefore 

|0) with po - -z':~-r- 



U B : a|0)+6|l> ^ { 

|1) with pi 
which constitutes the Born rule. 



M 2 



(66) 



(67) 



(68) 



W 2 

|aP + |6|2 



V. LOCAL QUANTUM THEORY AND 
REALITY 



A. Emergent reality and disrupted time 



5 We do not require a normalized photon state. So the distribu- 
tion of the magnitudes does not make a difference as long as 
the SU(2) symmetry is realized. 



In the previous section we have been able to demon- 
strate the emergence of the Born rule from the local re- 
construction of an evolving universe's state. The anal- 
ysis of the scattering processes has been restricted to 
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Figure 2: Evolution of the branches and their eigenvalues 
under Born scattering. The scattering events occur at times 
1, 2 and 3 and they result in new branches containing the 
records of the previous history the respective branch. The 
dotted blue lines show the dominant branch and its history 
after the first and second scattering events. One event later 
the red dashed line becomes the dominant branch with its 
own history. The single initial branch is part of both histo- 
ries. 



a single qubit in an otherwise unpopulated observer 
regime and an initially pure quantum state. After one 
scattering pass the state will not be objectively pure 
anymore but instead consist of two branches encoded 
by the eigenvectors of the stripped state. A second pass 
will again map to the only two possible local output 
branches and the eigenvalues will mix between the two 
previous branches. We cannot expect the Born rule to 
hold under these conditions. 

A minor modification to the local system takes care of 
this problem and also makes our assumptions more re- 
alistic. An observer that wants to test for validity of 
the Born rule has to be able to compare sequential ob- 
servation results, meaning he has to have access to a 
recorded history of events. Adding a memory to the 
local state of the observer makes the different outcomes 
of branches belonging to different iterations distinguish- 
able and keeps the branches from mixing. Hence the 
number of branches doubles after each recorded scatter- 
ing process. 

Figure [2] shows a sequence of Born scattering processes 
and the resulting change of the reconstructable branch 
the local observer is aware of. Looking only at the se- 
quence of dominant branches one can verify that the 
Born rule holds for the transitions 1 and 2 because the 
new dominant branch is created from the previous dom- 
inant branch, as the situation is identical to the elemen- 
tary scattering event with a single branch initial state. 



That does not hold true for the third scattering pro- 
cess. The formerly suppressed branch splits into the 
new dominant branch. Depending on the actual states 
this sequence of branches usually breaks the Born rule. 

Despite the partly broken Born rule for the sequence 
of reconstructed states the observer will never see any 
results that disagrees with the Born rule. The reason 
for this lies in the way the observer tests the statistics 
of the results. He keeps a list of old results to compare 
to the new ones, and the branch switch not only de- 
termines the current observed result but also the list of 
remembered states. This is also illustrated in figure [2] 
After the third branch switch the observer remembers 
the history marked with the dashed red line, and this 
history describes a sequence of observation outcomes 
that is in agreement with the Born rule. 

Everything that the observer would consider as part 
of his reality is contained in the current reconstructed 
state of the universe and his memory. We can therefore 
call the sequence of branches that lead to the current 
reconstructed branch and that is stored in the memory 
of the observer an emergent subjective reality. A branch 
switch will not only change the current perception but 
also the perception of history leading up to this state. 
The observer can switch between realities without even 
noticing, because all records will agree with the newly 
formed reality. This picture leaves subjective time and 
history disrupted by observed scattering events. This is 
a drastic but seemingly unavoidable consequence of ob- 
servation. A rough estimation of probabilities however 
suggests that an event uncovering a long time hidden 
reality branch is very unlikely. So the observer's sub- 
jective history is stable in the long run. 



B. Macroscopic interactions and quantum 
measurement 



The three elementary scattering processes with locally 
non-unitary outcome described here all acted on single 
qubit systems. While their mechanisms are very simi- 
lar, Born scattering comes with the unique property of 
scalability. 

Consider a set of projectors 

P = {P„ : ne N} (69) 

acting on the Hilbert space "Hp with the constraint that: 

[P m ,P„]=0 (70) 

We also define the identity operator Ip on Hp and the 
complementary projectors 



P n = lp- P n 



(71) 
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We call this set of projectors complete if there is a spe- 
cial orthonormal basis {|fcp)} of T-Lp and we can find 
two (disjoint) sets 7i, J2 C N so that 



\kp)(k P \= n p n ii P„ 



(72) 



for all k. The set is independent if we cannot remove 
any projectors from P without giving up completeness. 

With the set of projectors there is a natural way to 
define a unitary evolution to split up vectors in Hp. 

U n : |V) ■— ► P n |V) ® |0) + P n IV) ® |1) (73) 

Here {|0) , is the basis of a qubit 6 and we can apply 
the Born scattering evolution to it, with the local result 



-P„|V)|0) withp=M^M 



A(C/ S [/„|V)) = 



Pn 



|1) with p 



(W5 



(74) 



We have seen that the recorded subjective observation 
of qubits is consistent and stable, allowing us to restrict 
our discussion to the dominant branch and taking the 
position of the local observer. Repeating the observa- 
tion with a different projector P m and a fresh qubit 
maps the first branch to P m Pn IV) |0) |0) with the old 
qubit state as the last factor. For a cleaner notation 
we write the qubit state ordered list inside a single ket 
|0, 0). The probability of finding this branch combines 
the probabilities from both scattering events and results 
in 



P 



(<ip\PlPlP m p n \il)) (V|P„IV) 



(V|Pn|V) 

(V|p m p»|V) 
(V|V) 



(VIV) 



(75) 
(76) 



As can be seen from generalizing this calculation, fur- 
ther scatterings only result in adding further projectors 
to the numerator of the probability expression. The 
order is arbitrary because the projectors commute by 
definition. This is also true for the projectors in front 
of the state |V)- We can therefore choose the canonical 
ordering of the index without changing the properties 
of the result as far as they relate to the state |V). The 
order of the qubit history will change however. This 
motivates the definition of the operator 



jV 



M = 11 U B U n 



(77) 



6 When these evolutions are concatenated, the qubit must be 
assumed to be a different one in each stage. This is not reflected 
in our notation in order to keep it simple. 



where each factor comes with a fresh qubit. We also 
define as the qubit list with the A-digit binary ex- 
pansion of j. Similarly we define Pui to be the product 
sequence with the digits {P„,P„} following the AT-digit 
binary representation of j. 

The subjective local result of the application of M on 
the state \ib) is then 



A(M|V» 



^[0] h»|[0]> 
^[i] W)\[l\) 



- 2] h»|[2"- 

-i] W\[2 N - 



with p - 
with p - 

2]) with p - 
1]) with p - 















{■4>\i>) 




W P [2 N_ 2] 


</') 






«<iv-i] 


!V>) 








(78) 



We are interested in the limit of very large N. Then the 
Pry contain all possible projector lists as sublists. For 
a given list of projections that multiplies to a projector 
on a single dimensional subspace we can find a unique 
binary sequence that produces this list as a sublist and 
preserves that subspace in the remaining projectors, be- 
cause either P or P preserves the subspace. All other 
lists containing the same sublist must multiply to 0. 

The consequence is that if we have a complete set of 
projectors P then there is exactly one outcome with 
non-zero probability resulting in the state \kp) €5 \ [j]} 
with a probability of 

b\k P ) (fc F |V) 



p 



(VIV) 



(79) 



Summarized, for complete P and sufficiently large N the 
scattering iteration 

A(M|V)) = |M®lb1) withp= IM|L (80) 

results in the Born rule for measurement in the basis 
{\kp)}- 

We have constructed a measurement mechanism that 
works for Hilbert spaces of arbitrary size and can there- 
fore be applied to macroscopic systems. The mech- 
anism does not need very special initial condition or 
careful tuning. In fact, it is very robust, as the order 
of the elementary scattering processes does not change 
the outcome nor does the actual choice of projectors. A 
physical device realizing this mechanism should not be 
hard to design and build. 

We only discussed the case of a complete set of projec- 
tors. The framework presented allows for generaliza- 
tions that are not be discussed here however. It is in- 
teresting to note that the Born rule is the only rule that 
delivers robust and consistent results for a macroscopic 
system built from single qubit interactions, mostly due 



to the canceling terms in equation ( 75 ) 
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VI. DISCUSSION 

We have seen that it is possible to derive the measure- 
ment postulate of quantum theory by assuming the per- 
spective of an observer inside the system. It has also 
been shown that the indeterminism we observe is only 
subjective. The global theory can be fully deterministic 
and yet we are only able to see a fundamentally random 
universe. What is more, the Born rule arises naturally 
as the only sustainable statistical law for macroscopic 
systems and its physical mechanism is so general and 
robust that it can be expected to be found in many 
real world systems. Throughout the derivation no ad- 
ditional unmotivated assumptions have been made, so 
that we can regard the results as a general solution to 
the measurement problem. 

The interactions responsible for the measurement pro- 
cess are well localized scattering events. This explains 
the observed dynamic position superselection rule that 
has not been understood well before. We also showed 
that the position basis is special for reducing the quan- 
tum state as dictated by the light cone structure of 
spacetimc. The resulting law for stripping the state 
generalizes the Von Neumann construction [5] of a lo- 
cal state by tracing over tensor factor spaces containing 
unaccessible information. 

The results go beyond the measurement postulate too. 
Other non-unitary laws for two-level systems have been 
derived. While only two have been discussed here, there 
are many hybrid forms that can also be realized. The 
laws discussed here could be very helpful for analyzing 
the dynamics of atomic spectroscopy. It seems possible 
that they are more appropriate than the Born process 
for describing the quantum jumps observed there. 

The arrow of time of the measurement process has been 
inherited from the arrow of time of radiation, and we 
have seen that the arrow of memory records has to be 
identical to the measurement arrow. Only in this man- 
ner can a subjective reality according to the Born rule 
appear. The observed reality is found to be subjective 
and discontinuous, even allowing for jumps between his- 
tories while the long term history is unique and stable. 
Even though similarities to Everett's relative state in- 
terpretation of quantum theory [2] are obvious, the the- 
ory laid out here only has one observer and one reality 
at each time. The branches of reality discussed here are 
similar to many worlds, but are hidden so that they are 
not realized for the observer, and also not for any other 
observer residing nearby. We also found that decoher- 
ence does not play a role in the measurement process 



and might not even be required for understanding the 
macroscopic properties of a quantum system. 

Besides being a very simple theory and therefore pre- 
ferred by Occam's razor, the theory presented here is 
testable. We make enough additional predictions about 
the subjective description of elementary quantum pro- 
cesses and most importantly about the construction of 
a Born rule compliant measurement device, so it should 
be possible to design experiments for verification. 

Lastly, the work presented here only shows a small part 
of the possible applications of the general idea. We 
have not discussed the implications of measurement on 
distant entangled states, the influence of information 
sinks like black holes or the possible role of the neutrino 
as a carrier of information into the environment, the 
possibilities for better experimental measurement meth- 
ods or a better understanding of atomic spectroscopy. 
There are many open questions, but the foundations 
have been laid. 
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